Novel copper sulfide (CuS) nanowire bundles with a diameter of about 6 nanometers (nm) and a length up to several micrometers are successfully synthesized by a template-and surfactant-free method in a dimethyl sulfoxide (DMSO)-ethyl glycol (EG) mixed solvent. The resulting CuS nanowire bundles are used as a cathode material in lithium-ion batteries and exhibit a large capacity and excellent cycling stability and rate capability. The unique structure of the CuS nanowire bundles is responsible for their excellent electrochemical performance.
Introduction
The increasing demand of renewable energy sources continues to inpsire an enormous amount of research interest in new electrode materials and electrode materials with new structures for lithium-ion batteries (LIBs) . Recent progress has demonstrated that the performance of LIBs not 2 only strongly relies on the electrode materials used but also on the morphology and the microstructure of the electrode materials used [1] [2] . Up to now, significantly improved battery performance of various nanoscale materials-including transition metal oxide nanoparticles [3] [4] , Cu-Si nanocables [5] [6] , and metal chalcogenides [7] [8] -has been reported. The outstanding electrochemical performance is ascribed to the new nanostructure, which can increase reaction sites, improve cycle life in the face of mechanical strain, and improve efficient charge transport.
Copper sulfides have received considerable attention due to their wide stoichiometric composition (Cu x S, x=1-2) and diverse applications in energy devices [9] [10] . Among them, green covellite copper sulfide (CuS) has been actively investigated as an electrode material for LIBs due to its cost effectiveness , abundance in nature, environmental friendliness, good electronic conductivity (10 3 S -1 ) and higher theoretical lithium-ion (Li-ion) storage capacity (560 mA h g -1 ) than that of commonly used cathode material LiCoO 2 (145 mA h g -1 ) [11] [12] [13] .
Although CuS is known to suffer from poor capacity retention, and hence a short lifetime, much enhanced electrochemical performance can be expected by nanostructuring CuS or by using an ether-based electrolyte [14] [15] . In the past few years, many attempts have focused on the synthesis of novel nanostructures of copper sulfides, including hollow spheres and flowers [16] [17] [18] , one-dimensional (1-D) nanostructures [19] [20] [21] [22] , and complex hierarchical micro-/nanostructures [23] [24] [25] [26] [27] [28] . Among different kinds of nanoscale morphologies, 1-D nanostructures attract wide interest because of their advantages in electronic conduction along the axial direction. The corresponding preparation techniques involved mostly template-based, surfactantdirected, or interface methods. These growth methods usually require the use of special instruments, surfactants, or templates, which will increase the difficulty of operation, the cost, and contamination. A simple method for the large-scale synthesis of CuS nanowire bundles has not been achieved so far. Recent studies have shown that the mixed solvent method is effective in preparing metal chalcogenides with unique morphologies or new nanostructures because of the "magic power" of mixed solvents for shaping nanocrystals [29] [30] . The solvent plays an important role in controlling the growth of nanocrystals because of its strong coordination with metal ion or selective binding with crystal plane [28, [31] [32] . By changing the components and volume rations of mixed solvents, it is easy to control the size, morphology, and microstructure of the desired materials. For example, urchin-like nickel selenium (NiSe) was synthesized in a ternary solution of diethylenetriamine, hydrazine hydrate, and water by S. Yu and co-workers [30] . The surface topography of these NiSe nanocrystals can be tailored by tuning the composition of the solvents used.
In this work, we report a template-and surfactant-free method for synthesizing CuS nanowire bundles in a dimethyl sulfoxide (DMSO)-ethyl glycol (EG) mixed solvent, which could be scaled up to prepare large amounts of oriented attachment CuS nanowire bundles. The factors influencing formation of CuS nanowire bundles were discussed and the electrochemical properties of as-prepared CuS cathode were investigated as well. The unique structure of CuS nanowire bundles offers many critical features, such as a fast way for both ion and electron transport, many active sites for electrode reactions, and a robust structure for durability [33] , which make it a promising cathode material for LIBs with high capacity, excellent rate performance, and high cycling stability. Finally, the whole solution was kept at 160℃ for another 2 h. The final products were collected by centrifugation and washed several times by distilled water and ethanol and dried in a vacuum at 60 ℃ for 12 h.
Experimental

Materials
Material characterization
The phase composition of the as-prepared samples were characterized by a Philips X'Pert Pro Multipurpose X-ray diffractometer (XRD) using Cu Kα radiation at 45 kilovolts (kV) and 40 milliamps (mA), at the 2θ range 20°-85° with 0.02 per step. The Raman spectra of the sample were collected using a Renishaw spectrophotometer equipped with a microscope having a laser wavelength of 532 nanometers (nm). The morphology of the samples and electrodes was characterized with a JEOL JSM-7500F field emission scanning electron microscope (SEM)
system. High-resolution transmission electron microscope (TEM) images were obtained on a Philips CM200 field emission microscope operated at 200 kV.
Electrochemical measurement
The as-prepared CuS nanowire bundles were studied as cathode materials for rechargeable 3. Results and discussion 6 
Crystal structure and morphology
The structures of the as-grown CuS nanowire bundles were determined by X-ray diffraction (XRD). The XRD pattern of the as-prepared product is shown in Fig. 1 . All the diffraction peaks can be indexed to the hexagonal phase of CuS (JCPDS No. 06 0464), and no impurity phases can be detected, indicating the formation of pure CuS and that they are highly crystalline. The broadening of the diffraction peaks also indicates that the products have small sizes. Raman spectroscopy was employed to further characterize the overall symmetry of the as-prepared CuS nanowire bundles, as shown in Fig 1.b. A strong, sharp band at 475 cm -1 was dominant in the spectrum and has been previously associated with S-S stretching vibrational mode of the covellite system [34] .
The morphology and size of the as-prepared products has been studied by SEM and is shown in Fig. 2 . The SEM images not only reveal that the product is composed of nanowires with a uniform diameter of about 6 nm and lengths up to several micrometers, but also show that nanowire bundles of high yield and good uniformity can be easily achieved with this simple and easily controlled approach. More details of the nanowires are revealed in the high magnification image. As shown in Fig. 2b , the nanowires have rough surfaces and some particles are attached to them. What is more interesting is that most of these nanowires self-assemble into bundles of nanowires.
To study the growth direction and microstructure of the bundles of nanowires, the product was further investigated by TEM and HRTEM. As shown in Fig. 3a and Fig. 3b , nanowires array side-by-side and self-assemble into the bundles. The high-resolution TEM image (Fig. 3b) shows the lattice fringes, and both of the fringe spaces were determined to be 0.28 nm, which can be indexed as the (103) planes of CuS. It also clearly reveals the orientations of the atomic lattice fringes are almost parallel to each other. This indicates that the CuS prefer to orient themselves with similar crystallographic facets. The corresponding selected area electron further confirms the same growth direction of these wires.
It has been proved that the mixed solvent has key effects and often serves as the structuredirecting coordination (template effect) in the controlling formation of nanostructures [35] . Y.
Du has reported that the composition of solvents has a great effect on the morphology of CuS nanosheet formation [14] . J. Kundu has controlled synthesis CuS nanostructured assemblies with different morphologies by varying the solvent [36] . In our case, controlled experiments were performed to understand the effluence of the mixed solvent on the formation of CuS nanowire bundles. We changed the ratio of mixed solvent gradually and keep other conditions constantly.
Fig. 4a-e shows the SEM images of CuS samples collected in mixed solvent with a different
volume ratio. In the DMSO medium, the as-prepared products mainly consisted of a hexagonal plate stack with a diameter about 2-3 micrometers (µm) (Fig. 4a) . In the EG medium, the products were fluffy hierarchical nanostructures (Fig. 4e) . These hierarchical nanostructures consist of nanoplates with a width of about 100 nm. When mixed solvent of EG and DMSO was used as solvent instead of simplex solvent, the morphology changed with the varying solvent. As shown in Fig. 4b-d , we can obtain the CuS nanowire only when the ratio of DMSO in the mixed solvent is lower than 3:7. Otherwise, the products proved to be irregular particles. This may be caused by the special chemical and physical properties of EG and DMSO [37] . Just by changing the ratio of the solvent, we can control the final shape of the CuS, which avoids complicated processes and special instruments and is convenient for preparing nanowires.
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The layered crystallographic feature of CuS allows for the intercalation and reaction of Li + in between the S-Cu-S layers [14] , making the CuS nanowires arrays a promising electrode material for Li-ion battery applications. Fig. 5a shows the charge-discharge voltage profiles of the CuS electrode for the first, second, tenth, thirtieth, and fiftieth cycle at a constant current rate of 0.2C.
The electrode displays an initial discharge capacity of 831 milliamp hours per gram (mA h g -1 )
and a charge capacity of 518 mA h g -1 . The initial higher-than-theoretical capacity should be largely attributed to the formation of solid electrolyte interface (SEI) film or gel-like polymeric layers and is also previously observed in CuS nanoshperes and other systems of metal chalcogenide cathode materials operating through Li + insertion/extraction reactions [38] [39] .
Subsequently, the discharge capacity decreases to 560, 505, and 470 mA h g -1 at the second, the tenth and the thirtieth cycle, respectively, then increases to 505 mA h g -1 at the fiftieth cycle. [8, [12] [13] 18] , the two-step reactions can be described as shown below:
First discharge plateau reaction:
Second discharge plateau reaction:
It can be seen from Fig. 5a that the plateau at 2.09 V becomes shorter and the voltage plateau region becomes higher during the discharge process, and no distinct plateau potential regions can be observed near 2.09 V after 10 cycles. Accordingly, the plateau at 1.60 V becomes longer, and the voltage plateau region becomes lower during the charge process, which means that the electrochemical reactions change gradually and the reversibility of the CuS cathode improves with cycling [12, 15] .
The CV measurements were also preformed to characterize the electrochemical reaction of the CuS electrode in the first cycle. As shown in Fig. 5b , two reduction peaks appear at about 2.0 V and 1.6 V, and two oxidation peaks are present at 1.9 V and 2.4 V, which coincides with the discharge-charge curves in Fig. 5a . are achieved, demonstrating a higher lithium storage capability, an excellent cycling stability, and a good capacity retention of the electrode than previous reported [12-13, 17, 25] .
In addition to high capacity and good capacity stability, the CuS cathode exhibits a very good rate capability (Fig. 6b) . Under the condition of 0.1C discharge current between 0.02 V and 2.6V, The long cycle life and good high-rate rate performance was proposed to be related to the advantages of the one-dimensional nanostructured electrode and direct growth of CuS nanowire bundles. To study the structural change of CuS upon cycling, the active material of the fresh CuS electrode and discharged electrodes were collected and examined by XRD (see supporting information). Though the signal-to-noise ratio of XRD pattern is low due to the small quantity of active material, the results still clearly show that the appearance of Li 2 S and metallic copper after discharge, which is consistent with the previous studies on CuS and Cu 2 S [8, [12] [13] 18] . The
CuS nanowire electrode was washed gradually with dimethyl carbonate in an argon-filled glove box after 40 discharge/charge cycles and characterized by SEM. It can be seen from Fig. 7a and Based on the experiments result, the 1-D nanostructures appears to provide effective accommodation of the strain during Li + insertion/extraction and prevents electrode degradation during the repeated charging and discharging [40] . Besides, the 1-D nanowires may shorten the transport length and enhance the transport of electrons, ions, and molecules associated with cycling of batteries, significantly accelerating the rate of chemical and energy transformation processes and leading to enhanced energy storage process [41] .
Conclusions
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In summary, we have developed a template-and surfactant-free method to fabricate CuS nanowire bundles in an EG-DMSO mixture solvent. The ratio of mixed solvent has proven to have great effect on the morphology of the bundles. The as-prepared CuS nanowire bundle cathode has shown good electrochemical performance for LIBs. The ordered assemble structure of CuS nanowire bundles is responsible for the excellent electrochemical performance, including the highly reversible capacity, excellent cyclic performance, and high coulombic efficiency with good rate capability. 
